Rationale: Newly characterized type 2 innate lymphoid cells (ILC2s) display potent type 2 effector functionality; however, their contribution to allergic airways inflammation and asthma is poorly understood. Mucosal biopsy used to characterize the airway mucosa is invasive, poorly tolerated, and does not allow for sequential sampling.
Type 2 immune responses are characterized by the secretion of the cytokines IL-4, IL-5, and IL-13 in response to the epithelialderived cytokines IL-25, IL-33, and thymic stromal lymphopoeitin (TSLP), which are released by airway epithelial cells after exposure to allergen or virus (1) (2) (3) (4) (5) . Exaggerated type 2 responses drive the pathogenesis of human allergic disease, including atopic asthma and allergic rhinitis (6) (7) (8) .
In the context of allergen exposure, dendritic cells sense and subsequently present allergen to naive T cells and promote their differentiation toward T-helper type 2 (Th2) cells, which direct allergic inflammatory responses downstream and secrete type 2 cytokines. The release of these cytokines leads to IgE production, the recruitment and activation of eosinophils, in addition to directly affecting airways hyperresponsiveness and mucous production by goblet cells, which together promote the pathological features seen in allergic disease.
Type 2 innate lymphoid cells (ILC2s) are a recently characterized group of effector cells of the innate immune response that also have the capacity to produce large quantities of the type 2 cytokines, especially IL-5 and IL-13 (9) (10) (11) (12) ). An increasing number of animal studies suggest that ILC2s may play an important early role in the initiation of Th2 responses to aeroallergens during allergic lung inflammation, bridging the innate and adaptive immune responses (13, 14) . ILC2s have been identified in humans (6, 15) , in whom they express the prostaglandin D2 (PGD2) chemoattractant receptor also found on Th2 cells (CRTh2) (15) . PGD2 has recently been shown to be important in both ILC2 recruitment and activation, in addition to cysteinyl leukotrienes, and innate cytokines IL-25, IL-33, and TSLP (15) (16) (17) .
Elevated numbers of ILC2s have been identified across a number of mucosal tissues, in a variety of human type 2-mediated diseases (18) (19) (20) (21) , notably in nasal polyps from patients with chronic rhinosinusitis, which suggests a specific role for ILC2s in type 2-mediated disease (15, 22) . However, the exact contribution of ILC2s during the orchestration of the allergic response in humans is unclear. One challenge in achieving this has been a lack of repeatable, minimally invasive tissue sampling strategies that allow the analysis of inflammatory cell kinetics. We investigated the localized cellular responses of the nasal mucosa to a topical nasal allergen challenge (NAC) in a group of subjects with allergic rhinitis, using the novel method of applying flow cytometric analysis to nasal curettage samples. 
At a Glance Commentary
Scientific Knowledge on the Subject: Elevated numbers of type 2 innate lymphoid cells (ILC2s) have been identified at mucosal barrier surfaces in several atopic diseases, including the sputum of patients with atopy and severe asthma. However, the contribution of ILC2s to allergic airway inflammation and asthma, and their kinetics after allergen exposure, are poorly understood, partly due to current upper airway sampling techniques that do not allow serial sampling over the course of an allergic response.
What This Study Adds to the
Field: Here we demonstrate, for the first time, that ILC2s are recruited to the upper airways of subjects with atopy and asthma in response to nasal allergen challenge, which is associated with increased symptom severity and markers of type 2 inflammation, and suggests a central role for ILC2s in orchestrating type 2 responses. The novel methodology of nasal curettage, followed by flow cytometric analysis, enables the detailed identification of mucosal cell infiltrates during the allergic response and presents wide applications in drug development and clinical diagnosis.
Nasal curettage samples are minimally invasive, well tolerated, and collected without necessity for analgesia, which lends these samples to routine and sequential sampling. Using this novel technique, we identified the presence of a population of human ILC2s in the localized response to allergen provocation, enhancing our knowledge of the role of these recently characterized cells in human type 2 disease. Some of the results of these studies were previously reported in the form of an abstract (23) .
Methods

Ethics and Consent
This study was approved by the London Bridge Research Ethics Committee (reference 12/LO/1278) and was performed in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines. Informed consent was obtained from all subjects before their participation.
Study Participants
We recruited nonsmoking volunteers with moderately severe asthma with allergic rhinitis. Study volunteers had an Asthma Control Questionnaire score greater than 0.75 (24) , were on treatment that included inhaled corticosteroids (ICSs) or a combination inhaler (longacting b agonist [LABA] 1 ICS). After a histamine challenge, subjects with asthma had objective airway hyperresponsiveness with a concentration of histamine required to reduce FEV 1 by 20% ,8 µg/ml, and evidence of atopy on skin prick testing (at least one positive skin prick test on a panel of 10 aeroallergens, including grass). Histamine challenge and skin prick tests were performed following standard protocols, as previous described (6) . Nonsmoking, healthy volunteers without atopy were also recruited. Full inclusion and exclusion criteria are listed in Table 1 , which included the use of antihistamines and oral or nasal steroids as a factor for exclusion. Baseline characteristics of study volunteers are shown in Table 2 .
Study Design
Study volunteers meeting the inclusion criteria underwent a single NAC, between October and March outside the UK grass pollen season, using timothy grass pollen (Aquagen SQ [ALK 225], Phleum pratense, Number 4, freeze dried extract (ALK Abello, Reading, UK). A working concentration of 1 mg of allergen in 100 ml of solution was administered by nasal spray into each nostril. Nasosorption of nasal mucosal lining fluid was performed, as previously described (6) , prechallenge and at 2-hour intervals up to 8 hours after challenge. Nasal curettage sampling was performed after nasosorption at baseline and at 6 hours after the challenge. Total nasal symptom scores (TNSS) and clinical observations were assessed at serial Increased nasal symptom scores in subjects with atopy after nasal allergen challenge (NAC). Nasal symptoms were assessed at baseline (30 min before NAC) and at the time points shown after NAC (0 h) in subjects with atopy (n = 9) and healthy controls (n = 8) using a nasal symptom questionnaire. Subjects scored the severity of their nasal running, blockage, itching, and sneezing from 0 to 3; the total nasal symptom score represents the cumulative score. Statistical analysis was performed using a Kruskal-Wallis nonparametric analysis of variance and Mann-Whitney U tests; data are displayed as median (25th, 75th percentiles). *P , 0.05; **P , 0.01; ***P , 0.001. Increased recruitment of granulocytes to the upper airways of subjects with atopy after an allergen challenge. Subjects with atopy (n = 9) and healthy control subjects (n = 8) were challenged intranasally with timothy grass pollen. Nasal curettage samples were collected from the inferior turbinate, and granulocytes were enumerated via flow cytometric analysis. (A) Eosinophils (CD9 1 CD16 2 ) and neutrophils (CD9 2 CD16 1 ) were determined within the single, live, HLA-DR 2 gate. (B) Representative flow cytometric plots display eosinophils and neutrophils from two healthy subjects and two subjects with atopy at baseline and 6 hours after nasal allergen challenge (NAC). (C) Eosinophil and (D) neutrophil numbers for healthy subjects and subjects with atopy at baseline at 6 hours after NAC are shown. Bars represent median values. Kruskal-Wallis tests were used to assess differences between groups; further statistical analysis for paired data was calculated using Wilcoxon matched-pairs test, and unpaired data were calculated using the Mann-Whitney U test. *P , 0.05; **P , 0.01; ***P , 0.001; P , 0.1 displayed. FSC-A/H = forward scatter area/height; IR = infrared. intervals before and after challenge in all study subjects (see Figure E1 in the online supplement). TNSS represents the cumulative score of patient-assessed runny nose, nasal blockage, itching and sneezing, each scored from 0 to 3 using a questionnaire. Additional details on clinical methodology are provided in the online supplement.
Nasal Curettage Sampling
Nasal curettage samples were collected using a plastic Rhino-probe curette (Arlington Scientific, Springville, UT). Two samples were taken from the surface of the nasal inferior turbinate using a gentle scraping motion and collected into fluorescence-activated cell sorter buffer before processing into a single-cell suspension, using a 21-gauge needle. Nasal curettage samples are smaller than nasal biopsies, up to 60 µm in depth (determined by electron microscopy, unpublished data). 1 CRTh2 1 ). CD45 positive selection was used to identify ILC2s in a subgroup of study volunteers, which did not affect ILC2 enumeration. Numbers of ILC2s, eosinophils, and neutrophils were calculated for each subject by multiplying their percentage of total live cells, after flow cytometric analysis, by the total number of nasal cells stained. ILC2 cells were sorted and analyzed using a Becton Dickinson AriaIIIU Cell Sorter. Granulocytes were analyzed using a Becton Dickinson Fortessa LSR-SORP (Oxford, UK). Further details on the cytometer settings, and antibodies and buffers used are provided in the online supplement (see Tables E1 and E2) .
Immunoassays. IL-2, IL-4, IL-5, IL-6, CXCL8/IL-8, IL-12p40, IL-13, IL-17, IFN-g, CCL11/eotaxin-1, CCL17/TARC, CCL22/MDC, and CCL26/eotaxin-3 levels were analyzed using the Meso-Scale Discovery (MSD) (Rockville, MD) V-Plex array platform and a Sector Imager 2400 (MSD). PGD2 levels were analyzed using a PGD2-MOX enzyme immunoassay (Cayman Chemicals, Ann Arbor, MI) and run on a Spectra Max Plus 384 plate reader (Molecular Devices, Wokingham, UK) with SoftMax Pro 5.4.5 software (Molecular Devices).
Statistical Analysis
Statistical analysis was performed using Prism 6 (GraphPad Software, La Jolla, CA). Data are presented as median (25th, 75th percentiles) with statistical differences within groups determined using Wilcoxon's signed rank test and between groups using Mann-Whitney U tests. Kruskal-Wallis tests were used to assess differences between groups where appropriate. Correlations were investigated using Spearman's correlation coefficient. Differences were considered statistically significant at P values ,0.05. All P values are two-sided.
Results
Seventeen volunteers (nine subjects with atopy and asthma and eight healthy subjects) underwent a single NAC with timothy grass pollen. No subjects withdrew. One subject with asthma required a single dose of a short-acting bronchodilator after the challenge.
Subjects with Atopy Experience Rapid Onset of Nasal Symptoms after NAC
After NAC, subjects with atopy displayed a rapid and significant increase in their TNSS, peaking within the first 30 minutes. This increase in symptoms persisted for up to 6 hours before returning to baseline (Figure 1 ). Healthy subjects experienced minimal symptoms throughout the course of the study duration.
Allergen-induced Granulocyte Recruitment to the Nasal Mucosa Is Increased in Subjects with Atopy
We characterized the granulocytic response in the nasal submucosa by flow cytometric analysis. Single cells were gated on the basis of size and granularity, live cells selected, and neutrophils and eosinophils were identified based on their expression of the markers HLA-DR, CD9, and CD16 (Figure 2A ). Subjects with atopy had significantly increased numbers of eosinophils present in the nasal mucosa at baseline compared with healthy subjects; this was increased further after the allergen challenge, with a trend toward increased eosinophil recruitment to the upper airways after NAC in atopy, which was not present in healthy subjects (Figures 2B and 2C) . We also observed significantly higher neutrophil numbers in subjects with allergic rhinitis compared with control subjects at baseline, along with significant recruitment after NAC (Figures 2B and 2D) . We next sought to determine the nasal levels of mediators associated with the type 2 response. Levels of each mediator are shown at 6 hours after NAC, with full time courses displayed in the online supplement (see Figure E2 ). NAC evoked a trend toward induction of IL-5 in the upper airways of subjects with atopy, with levels significantly elevated in subjects with allergies after an allergen challenge compared with healthy control subjects ( Figure 3A ). Similar trends were observed when we measured PGD2, which is associated broadly with allergic inflammatory responses, but has recently been indicated as being the major chemotactic factor for ILC2s (25) . Subjects with atopy had a highly significant increase in PGD2 after NAC, which was not observed in healthy subjects ( Figure 3B ). The Th2 cell chemokine CCL17/TARC was also significantly induced in the airways of patients with atopy after an allergen challenge, with levels significantly increased in the upper airways compared with healthy subjects 6 hours after NAC ( Figure 3C ). There was a trend toward the induction of the eosinophil chemokine CCL26/eotaxin-3 ( Figure 3E ) at 6 hours after NAC in subjects with atopy, which was consistent with the increase in eosinophil number observed in this group after NAC ( Figure 2C ). This pattern of induction was not seen in healthy subjects. In contrast, there was no induction of type 1 cytokine IFN-g after the challenge in either group ( Figure 3F ). The proinflammatory mediator IL-6 was elevated 6 hours after NAC in subjects with atopy ( Figure 3G ). Median levels of IL-13, CCL22/MDC, CXCL8/IL-8, and IL-12p40 are displayed in Table E3 . No differences were detected in these mediators between the healthy subjects and subjects with atopy, at baseline or 6 hours after NAC, nor were levels altered after the challenge. IL-2, IL-4, and IL-17 were below the assay limit of detection.
Allergen Challenge Causes Enhanced ILC2 Recruitment to the Nasal Mucosa in Subjects with Atopy
We quantified ILC2s within the nasal mucosa, by flow cytometry, identifying them as live, single cells that were negative for lineage markers (CD2, CD3, CD14, CD16, CD19, CD56, and CD235a), CD123, and FceR1a, and were CD127
1 CRTh2 1 cells ( Figure 4A ). At baseline, subjects with atopy had enriched ILC2 numbers compared with healthy subjects (Figures 4B  and 4C ). In support of a role for ILC2s in the allergic response, subjects with atopy demonstrated a significant induction of ILC2s 6 hours after the challenge, whereas no change was observed in the healthy subjects. After an allergen challenge, ILC2 numbers were significantly higher in subjects with atopy compared with healthy subjects (Figures 4B and 4C ).
ILC2 Recruitment Correlates with Markers of Type 2 Responses
Having established that ILC2s were recruited to the upper airway during NAC, we then assessed their association with other parameters of type 2 responses. Nasal ILC2 numbers 6 hours after allergen challenge were positively correlated with nasal eosinophil numbers 6 hours after NAC, and with baseline serum IgE and IL-5 levels 6 hours after NAC ( Figures 5A-5C ), which suggested that ILC2 infiltration was increased after the allergen challenge in the subjects with atopy with Th2-high, eosinophil-mediated disease. Table 3 displays the statistical analysis for all the parameters correlated with ILC2s, for the total study population, and the subjects with atopy alone.
Discussion
Increased understanding of the pathophysiology underlying allergic responses in the airway has led to greater characterization of disease subsets and ultimately the development of new therapeutic approaches. The recent Figure 3 . Induction of type 2 mediators in the nasal lining fluid of subjects with atopy after nasal allergen challenge (NAC). Nasal lining fluid samples were collected using nasosorption, at baseline (30 min before NAC) and at 2-hour intervals up to 8 hours after NAC. Levels of (A) IL-5, (B) prostaglandin D2 (PGD2), (C) CCL17/TARC, (D) CCL11/eotaxin-1, (E) CCL26/eotaxin-3, (F) IFN-g, and (G) IL-6 were determined in subjects with atopy and healthy control using Meso-Scale Discovery and a PGD2-methoxime enzyme immunoassay. Levels 6 hours after NAC are displayed. Bars represent median values, and dashed lines represent the limit of detection. Statistical analysis for paired data was calculated using Wilcoxon matched-pairs test, and unpaired data were calculated using the Mann-Whitney U test. *P , 0.05; **P , 0.01; P , 0.1 displayed. CCL = chemokine ligand. ILC2s from two healthy subjects and two subjects with atopy are shown at baseline and 6 hours after nasal allergen challenge (NAC). (C) ILC2 numbers from healthy subjects and subjects with atopy before and after NAC are displayed; bars represent median values. Kruskal-Wallis tests were used to assess differences between groups, and further statistical analysis for paired data was calculated using Wilcoxon matched-pairs test, and unpaired data were calculated using the Mann-Whitney U test. *P , 0.05; ***P , 0.001; P , 0.1 displayed. FSC-A/H = forward scatter area/height; IR = infrared.
characterization of a novel immune cell family, the innate lymphoid cells, and the subsequent identification of a role for ILC2s in executing type 2 effector functionality places them as a focal point for investigation in atopic disease (10, 21) . We used a clinical model of an allergen challenge and novel sampling methodology to identify ILC2s as major responders during the acute phase allergic response in the upper airways.
To our knowledge, our study was the first to demonstrate that subjects with atopy and asthma had a strong trend toward enriched accumulation of ILC2s in the nasal mucosa outside of allergy season compared with healthy control subjects at baseline. Furthermore, after an allergen provocation, only subjects with atopy had a significant increase in the number of ILC2s in the upper airways, which resulted in a significantly greater number being present compared with healthy control subjects. This enhanced recruitment occurred rapidly in the first 6 hours after allergen exposure.
We identified increased numbers of eosinophils in the nasal mucosa of patients with allergic rhinitis, both before and after allergen challenge, which were historically associated with the allergic immune response in asthma. We also identified enriched neutrophils in the upper airways in subjects with atopy and asthma. Although neutrophil influx to the lower airways in asthma was demonstrated previously, and believed to reflect the response to the proinflammatory milieu induced after allergen provocation (26, 27) , we demonstrated influx to the upper airways after an allergen challenge. These observations were consistent with previous grass pollen studies that demonstrated the presence of a nasal neutrophil RNA signature after an allergen provocation (28) . We also observed increased levels of the proinflammatory mediator IL-6 in our subjects with atopy, which was shown to play a crucial role in neutrophil trafficking (29) . Interestingly, ILC2s were demonstrated to be a possible source of IL-6 production (17), although in this study, nasal levels did not correlate with ILC2 numbers and would require further interrogation.
Smith and colleagues previously identified elevated ILC2 numbers in the sputum of patients with eosinophilic asthma (21) , and numbers of IL-13 1 ILC2s in the peripheral blood of patients with asthma were shown to be associated with level Eosinophil number Figure 5 . Markers of type 2 responses correlate with type 2 innate lymphoid cell (ILC2) recruitment. Subjects with atopy (n = 9) and healthy control subjects (n = 8) were challenged intranasally with timothy grass pollen. The number of ILC2s in the upper airways 6 hours after nasal allergen challenge (NAC) correlated with (A) eosinophil number 6 hours after NAC, (B) baseline serum IgE levels (n = 7 healthy control subjects), and (C) IL-5 levels 6 hours after NAC, using Spearman's correlation coefficient.
of asthma control (30) . We demonstrated that the recruitment of ILC2s was correlated with known features of type 2 inflammation, such as baseline total IgE and IL-5 secretion after challenge, in addition to eosinophil numbers. This suggested that ILC2s are a major component of the localized mucosal cellular immune response to allergen provocation in individuals with allergic rhinitis and asthma.
The positive association of post-NAC ILC2 numbers with both post-NAC eosinophil numbers and IL-5 levels, as well as baseline IgE, suggested that ILC2 responses were associated with a Th2-high clinical endotype. In particular, the correlation with baseline IgE highlighted a novel potential use of serum IgE as a surrogate marker for ILC2 responses in this subset of subjects with chronic lung disease. This is of specific interest in the context of clinical trials because it would provide a rapid and easily performed test to help stratify individuals with asthma into groups based on the likelihood of their ILC responsiveness. A number of CRTh2 antagonists underwent clinical investigation (31) (32) (33) (34) (35) . Because of the importance of CRTh2 in identifying human ILC2s, combined with recent evidence that PGD2 engagement of this receptor on ILC2s induces their migration and activation (25) , would make CRTh2 antagonists an attractive therapeutic approach against ILC2-mediated allergic inflammation.
Although the mechanisms by which ILC2s are recruited to sites of inflammation remain unclear, after NAC in this study, we reported significantly increased PGD2 levels in the nasal lining fluid of subjects with allergic rhinitis, which could act to recruit ILC2s to the upper airways. Mast cell degranulation during the allergic response is believed to be the major source of PGD2, with eosinophils also contributing to the allergic response (36, 37) .
In addition, ILC2s are also known to express CCR4, the receptor for the chemokines CCL22 (MDC) and CCL17 (TARC), which are necessary for T-cell trafficking (20) . We observed a significant increase in nasal levels of CCL17 in subjects with atopy after NAC, which suggested this chemokine could also be involved in chemotaxis of ILC2s from the periphery.
One of the key features of ILC2s is their capacity to produce large quantities of the type 2 cytokines, particularly IL-5 and IL-13. We observed increased levels of IL-5 in the upper airways of subjects with atopy after NAC compared with healthy subjects without atopy. Because of the short duration of the sampling period, it was unlikely that this would be due to CD4 1 T-helper cells alone; however, mast cells were another likely source (38) . Further investigation would be required to determine the absolute relative contribution for each cell population in this setting.
It was previously shown that ILC2s could represent as many as 50% of the total IL-5-producing cells after allergen provocation in mouse models (39) , and together this would suggest that ILC2s play a key role in orchestrating the recruitment of the effector cells of the allergic response, via the early production of the type 2 mediators. The strong correlation observed between ILC2s and eosinophil recruitment after NAC strengthened this observation.
Although the significant recruitment of ILC2s to the nasal mucosa in subjects with allergies undoubtedly represented a pathological mechanism of their allergic rhinitis, it remained difficult to ascertain whether the observed trend for increased ILC2 numbers present in the upper airways at baseline were directly related to the allergic rhinitis in the subjects or their underlying asthma. Recent work by Bartemes and colleagues (40) , who studied the capability of ILC2s isolated from peripheral blood to generate type 2 responses, demonstrated that this process was enhanced in asthma alone and not allergic rhinitis. Furthermore, ILC2s were increased in the sputum of patients with severe asthma, compared with those with mild disease (21) . Although these studies suggested that the ILC2 responses observed were related to asthma phenotype and that ILC2s were involved in the pathogenesis of asthma, it is clear that further work is required to distinguish differences in ILC2 responses in relation to specific disease states. These could include a direct comparison of upper airway responses between individuals with atopy and asthma and individuals with atopy but without asthma after allergen provocation, which would directly address the relative contribution of atopic and asthmatic status to ILC2 biology. We believe it likely that substantial shared mechanisms of cellular inflammation exist between atopy and asthma.
Our subjects with atopy and asthma were all on ICS, which might have suppressed the degree of ILC2 responses observed, with some reports suggesting that systemic steroid use could result in an approximately 50% reduction in ILC2 numbers (41) . It would therefore be interesting to investigate whether greater Definition of abbreviations: AUC = area under the curve; CCL = chemokine ligand; N/A = not applicable; PGD2 = prostaglandin D2; SPT = skin prick test; TNSS = total nasal symptom score.
Correlative analysis was carried out with type 2 innate lymphoid cell number in the upper airway at 6 hours after challenge with the above parameters, analyzing both subjects with allergic rhinitis and healthy subjects and subjects with allergic rhinitis alone using Spearman's correlation coefficient.
ILC2 responses are seen in steroid-naive individuals with atopy and asthma. In this study, we established a novel technique for the analysis of the local nasal mucosal immune response, using flow cytometric analysis of nasal curettage samples. This allowed for direct and accurate quantification of discrete cell populations, alongside their in-depth phenotypic analysis within the nasal mucosa. In the context of a NAC model, this allowed for the careful and complex assessment of the underlying mechanisms of allergic inflammation in a safe, reproducible, and noninvasive fashion that permitted serial sampling. It could also provide a useful clinical tool for stratifying individuals with active symptoms of rhinitis and monitoring responses to both local and/or systemic treatment.
In summary, this study provided evidence for a population of ILC2s in the nasal mucosa of subjects with atopy and asthma, which was significantly increased after allergen provocation and was associated with cardinal features of upper airways allergic inflammation. These changes suggested that ILC2s might play an important role in the pathogenesis of allergen-mediated type 2 disease in the upper airways, highlighting a need for greater understanding of their role in the lower airways in asthma, and further identifies them as a target for future therapeutic interventions. n Author disclosures are available with the text of this article at www.atsjournals.org.
